ABSTRACT This analysis compares the climate impacts over North America during winter associated with various El Niño-Southern Oscillation (ENSO) indices, including the Niño 3.4 index, the leading tropical Pacific outgoing longwave radiation and sea surface temperature (OLR-SST) covariability, and the eastern Pacific (EP) and central Pacific (CP) types of ENSO identified from both partial-regression-empirical orthogonal function (EOF) and regression-EOF approaches. The traditional Niño 3.4 SST index is found to be optimal for monitoring the tropical Pacific OLR-SST covariability and for the tropical SST impact on North America. The circulation anomalies associated with the Niño 3.4 index project on both the Pacific/North American (PNA) and Tropical/Northern Hemisphere (TNH) patterns. The ENSO associated with the PNA tends to come from both the EP and CP ENSOs, whereas that associated with the TNH comes more from the EP ENSO. The variability of ENSO significantly affects North American temperature and precipitation, as well as temperature and precipitation extremes. For either the EP or CP types of ENSO, qualitatively similar patterns of climate and climate extreme anomalies are apparent associated with the indices identified by the two EOF approaches, with differences mainly in the anomalous amplitude. The anomalous patterns are generally field significant over North America for the EP ENSO but not field significant for the CP ENSO.
Introduction
The El Niño-Southern Oscillation (ENSO) is the dominant mode of interannual climate variability in the tropics. The impact of ENSO on climate has been extensively investigated. During ENSO events, anomalous atmospheric heating over the tropical eastern Pacific (EP) and central Pacific (CP) affects atmospheric circulation features, such as jet streams and storm tracks in the mid-high latitudes, resulting in temperature and precipitation anomalies in many regions (e.g., Trenberth et al., 1998 and references therein; Hoerling & Kumar, 2000; DeWeaver & Nigam, 2002; Seager et al., 2005) . For example, most El Niño winters are accompanied by warm weather over most of Canada and parts of the northern United States, as well as cold and wet weather over the southern United States (e.g., Harrison & Larkin, 1997; Larkin & Harrison, 2005; Lau, Leetmaa, & Nath, 2008; Ropelewski & Halpert, 1986 , 1996 Smith, Legler, Remigio, & O'Brien, 1999) . However, as pointed out recently by Zhang, Hoerling, Perlwitz, Sun, and Donald (2011) , most studies of mechanisms affected by ENSO have focused on atmospheric teleconnections, which cannot explain the immediate causes of remote temperature and precipitation anomalies. Thus, they investigated the physics of the response of surface temperature to ENSO by examining the surface energy balance directly and found that wintertime surface temperature anomalies in the United States associated with ENSO are determined principally by anomalies in surface radiative heating. The anomalous radiation budget is closely linked to the anomalous convergence of atmospheric water vapour transport and anomalies in tropospheric column temperature.
Recent studies also suggested that ENSO may be classified into EP and CP events (e.g., Ashok, Behera, Rao, Weng, & Yamagata, 2007; Larkin & Harrison, 2005; Yu & Kao, 2007; Kao & Yu, 2009; Yeh et al., 2009; Lopez & Kirtman, 2013; Wu, Chen, He, & Chen, 2014) . The EP ENSO has maximum sea surface temperature (SST) anomalies near the tropical South American coast, whereas the CP ENSO has maximum anomalies over the tropical central Pacific. Meanwhile, atmospheric general circulation model experiments indicated that atmospheric responses to ENSO depend on the location and magnitude of SST anomalies (e.g., Barsugli & Sardeshmukh, 2002; Hoerling & Kumar, 2002; Hoerling, Kumar, & Zhong, 1997; Trenberth et al., 1998) . Because the two types of ENSO have different SST patterns and atmospheric responses (e.g., Mo, 2010; Weng, Behera, & Yamagata, 2009) , it is expected that they would have different impacts on the climate over North America (e. g., Mo, 2010; Yu & Zou, 2013; Yu, Zou, Kim, & Lee, 2012) .
On the other hand, deep atmospheric convection in the tropics is well represented by outgoing longwave radiation (OLR). The OLR variability is found to be associated with local and remote atmospheric circulation anomalies (e.g., Chiodi & Harrison, 2010; Garreaud & Wallace, 1997; Lau, Wu, & Bony, 1997; Trenberth et al., 1998) . Thus OLR behaviour over the equatorial eastern Pacific has also been added to El Niño events, termed "OLR-El Niño events" by Harrison (2010, 2013) , in considering the impact of ENSO on North America. Specifically, they examined the maximum covariance of tropical OLR and global 500 hPa geopotential height anomalies to determine the patterns of OLR variability that are most strongly linked to broad-scale atmospheric circulation anomalies. The newly identified events are found to produce more robust patterns of composite seasonal US atmospheric circulation, temperature, and precipitation anomalies, compared with non-OLR-El Niño events.
Our analysis further compares climate impacts over North America in winter associated with various ENSO indices. In particular, we attempt to address the following issues. i) Which of the commonly used ENSO-related indices is optimal for monitoring the tropical Pacific atmospheric and oceanic covariability and for the tropical SST impact on North America? Unlike Harrison (2010, 2013) , we examine the wintertime interannual covariability of OLR and SST anomalies in the tropical Pacific and analyze its associated climate anomalies over North America. Our approach highlights the tropical atmospheric and oceanic variability because the tropical atmospheric circulation is primarily thermally driven (e.g., Peixoto & Oort, 1992) . ii) Do various climate patterns affected by ENSO, as demonstrated in previous studies, have field significance over North America? This is an important issue in terms of the anomalous climate patterns and is a neglected aspect of previous studies that performed local and individual significance tests of climate anomalies associated with ENSO. iii) What are the mechanisms of dynamical (thermodynamical) maintenance, including the influence of synoptic eddies on the upper tropospheric circulation, moisture transport on precipitation, and the energy balance on surface temperature, for various climate anomalies related to ENSO. iv) What anomalous North American climate extremes are associated with various ENSO indices?
2 Data and methodology a Data Our analysis is mainly based on the December-February (DJF) monthly SST and atmospheric fields for the 1980-2011 period. Years are labeled according to the January dates in this study. Monthly SST data were obtained from the Met Office Hadley Centre's Sea-Ice and SST dataset, version 1 (HadISST1.1; Rayner et al., 2003) . The OLR data were retrieved from the National Oceanic and Atmospheric Administration/Earth System Research Laboratory (NOAA/ESRL; http://www.esrl.noaa.gov/psd/data/gridded/ data.interp_OLR.html), with data originally from the National Center for Atmospheric Research (NCAR) archives with gaps filled by temporal and spatial interpolation (Liebmann & Smith, 1996) . The precipitation data employed are from the Climate Prediction Center (CPC) merged analysis of precipitation (Xie & Arkin, 1997) . The monthly geopotential height, horizontal wind velocity, specific humidity, and daily horizontal wind data were extracted from the National Centers for Environmental Prediction-NCAR (NCEP-NCAR) reanalysis (hereafter NCEP; Kistler et al., 2001 ). All these variables are interpolated to a standard 2.5°× 2.5°grid. In addition, the daily surface skin temperature (SST over the ocean) and heat fluxes were also extracted from the NCEP reanalysis. The monthly surface temperature and flux variables were averaged from their daily values and were diagnosed on 192 × 94 Gaussian grids.
The monthly temperature and precipitation extreme indices were obtained from the HadEX2 dataset (http://www.climdex. org/indices.html) led by the Expert Team on Climate Change Detection and Indices (ETCCDI; Donat et al., 2013) . The percentage of time when the daily maximum or minimum temperature is above the 90th percentile (TX90p and TN90p, respectively), the percentage of time when the daily maximum or minimum temperature is below the 10th percentile (TX10p and TN10p, respectively), and the maximum fiveday precipitation amount (Rx5day) from 1980 to 2011 over North America (20°-60°N, 140°-60°W) were used. The extreme indices are available on 2.5°× 3.75°latitude-longitude grids. The ENSO-related indices, including the monthly Niño 1 + 2 (0°-10°S, 90°-80°W), Niño 3 (5°S-5°N, 150°-90°W), Niño 4 (5°S-5°N, 160°E-150°W), and Niño 3.4 (5°S-5°N, 170°-120°W) SST indices, derived from the Optimum Interpolation Sea Surface Temperature, version 2 (OISST.v2; Reynolds, Rayner, Smith, Stokes, & Wang, 2002) , were obtained from the CPC (http://www.cpc.ncep. noaa.gov/data/indices). The Pacific/North American (PNA; Wallace & Gutzler, 1981) and Tropical/Northern Hemisphere (TNH; Mo & Livezey, 1986 ) atmospheric teleconnection indices were also obtained from the CPC website. The El Niño Modoki index (EMI; Ashok et al., 2007) Kao and Yu (2009) used an EOF combined with a regression analysis to identify EP and CP types of ENSO. They subtracted the SST anomalies regressed with the Niño 4 (Niño1 + 2) index before performing an EOF analysis to obtain the spatial pattern of the EP (CP) ENSO. In addition, given that the two types of ENSO can coexist (e.g., Yu, Kao, & Lee, 2010) , contrasting SST anomalies in a specific region cannot be used to separate these two events completely because they may contribute to SST variation in the same region. Thus, the two types of ENSO were also identified using partial-regression-EOF analysis, which separates the effect of each independent variable on the dependent variable with the influence of the remaining independent variables held constant (Lopez & Kirtman, 2013) . In this analysis, the EP and CP ENSOs are identified using both partial-regression-EOF and regression-EOF methods. We compare the tropical OLR and SST variability, as well as North American climate anomalies associated with the two types of ENSO identified by the two approaches.
c Diagnostic Methods To assess SST and OLR variability, we applied the following procedure to the data. For the time series from 1980 to 2011, the linear trend over the 32 DJFs is subtracted from the original data at each grid point. Maximum covariance analysis (MCA; ) is employed to characterize the spatiotemporal pattern of maximum covariance between SST and OLR anomalies over the tropical Pacific; EOF analysis is also employed to characterize the principal mode of interannual SST (OLR) anomalies over the tropical Pacific. The relationship between a time series of interest and the associated atmospheric circulation, temperature, precipitation, and extreme anomalies is quantified through linear regression and correlation. The statistical significance level of a correlation is determined by a Student's t-test, assuming one degree of freedom per DJF. Similar results for significance tests are obtained using the effective sample size estimated following Bretherton, Widmann, Dymnikov, Wallace, and Bladé (1999) by considering the autocorrelation of the time series of interest. The field significance of anomalous patterns within domains of interest are also assessed (e.g., Livezey & Chen, 1983; Yu & Zwiers, 2007) .
The geopotential eddy activity associated with stationary wave anomalies in the upper troposphere is examined to help in understanding the maintenance of atmospheric circulation anomalies (e.g., Choi et al., 2010; Lau, 1988; Trenberth & Hurrell, 1994; Yu & Lin, 2012) .
The synoptic eddy vorticity forcing (F v ), which represents the geopotential tendency, can be written as,
where f is the Coriolis parameter, V(u,v) the horizontal wind velocity, and ζ the relative vorticity. The prime denotes the 2-8 day bandpass-filtered synoptic perturbation, obtained by applying a Butterworth bandpass filter to retain the fluctuation (Murakami, 1979) . The bar denotes the DJF wintertime mean; F v is obtained by solving the Poisson equation globally with the divergence of eddy vorticity fluxes as the forcing term (Yu & Lin, 2012) . Analysis of the surface energy budget helps in understanding the maintenance of surface temperature anomalies (e.g., Wild, Ohmura, Gilgen, & Rosenfeld, 2004; Yu & Boer, 2002; Zhang et al., 2011) . The surface energy budget over land can be written as,
where C s is the surface layer heat capacity; T s is the surface temperature; Rs = Rs d + Rs u is the net surface shortwave radiation, which is the sum of the downward (Rs ) and upward (Rl u ) infrared radiation; R = Rs + Rl is the surface net radiation; B = LH + SH is the surface turbulent heat flux, which is the sum of the latent (LH) and sensible (SH) energy exchanges across the surface; Fg is the ground heat flux; and Fm is the surface energy flux used for melt. Note that all fluxes are defined as positive downward (i.e., in the direction that will increase T s ). In addition, as demonstrated by Wild et al. (2004) and Zhang et al. (2011) , for the DJF time-averaged state considered here, the last two terms (Fg + Fm) on the right-hand side of Eq. (2) are negligible. Thus, only the surface radiative and turbulent heat flux anomalies are examined for surface temperature maintenance.
The moisture budget is also examined by calculating the vertically integrated equation for conservation of water vapour to help understand moisture transport. Following Hurrell (1995) , the moisture budget is calculated using the vertically integrated equation for conservation of water vapour, ignoring the role of liquid water in the atmosphere and the local rate of change term:
where E is evaporation, P precipitation, q specific humidity, p pressure, p s surface pressure, and g acceleration due to gravity. Specific humidity data are available at eight vertical levels from 300 to 1000 hPa in the NCEP reanalysis.
3 Different types of ENSO variability a ENSO and Tropical OLR and SST Covariability ENSO has been characterized by interannual SST variations in the equatorial central and eastern Pacific and is typically categorized by means of the Niño 3.4 SST index (e.g., Anderson, 2007; Deser et al., 2012; Philander & Rasmusson, 1985; Trenberth, 1997) . The current operational ENSO index in use at CPC, NOAA, is also the Niño 3.4 SST index or the oceanic Niño index (ONI; Kousky & Higgins, 2007) . Figure 1 (top panels) displays the OLR and SST anomalies regressed on the Niño 3.4 index in the tropical Pacific (30°S-30°N, 120°E-70°W). In association with the Niño 3.4 index, the anomalous OLR pattern tends to be characterized by negative OLR anomalies over the equatorial central Pacific, with a minimum located at 0°-5°S, 170°W, accompanied by anomalies of the opposite sign over the equatorial northwestern Pacific and the south Pacific convergence zone (SPCZ). This indicates enhanced convection and anomalous rising motion over the equatorial central Pacific and suppressed convection and sinking over the western Pacific. The anomalous vertical motions tend to weaken the climatological mean rising branch of the Pacific Walker cell over the western Pacific but strengthen its rising over the central Pacific (e.g., Peixoto and Oort (1992) , their Fig. 16 .5), suggesting an eastward shift of the Pacific Walker cell during the positive Niño 3.4 phase. The anomalies over the subtropical Pacific are related to the downward branches of the Hadley circulation. The anomalous SST pattern exhibits temperatures that are higher than normal in the tropical central and eastern Pacific, with maxima around equatorial 140°W, surrounded by a horseshoe of temperatures that are lower than average in the western Pacific. The largest SST warming is located approximately 30°longitude further east than the strongest anomalous convection, illustrated by the OLR anomalies. The SST, convection, and inferred tropical circulation anomalies associated with Niño 3.4 feature the general characteristics of ENSO, as described in previous studies (e.g., McPhaden et al., 1998; Wallace et al., 1998) . Figure 1 (middle panels) further displays the leading mode of MCA between DJF mean OLR and SST anomalies in the tropical Pacific. This is the dominant interannual covariability mode that explains 93.5% of the total squared covariance and accounts for 52.3% of total DJF interannual OLR variance and 54.1% of SST variance for the two individual fields. The leading OLR and SST patterns are also the corresponding leading EOF modes of the two fields in the tropical Pacific in terms of spatial distribution and amplitude (not shown). It is apparent both visually and from the spatial correlation (better than 0.97 for both OLR and SST fields in the tropical Pacific) that the leading MCA patterns are nearly identical to the OLR and SST patterns associated with Niño 3.4.
The expansion coefficients of OLR and SST anomalies for the leading MCA mode (EC1-OLR and EC1-SST; Fig. 1 (bottom panel)) are highly correlated (r = 0.94, significant at the 1% level), indicating that the wintertime OLR and SST are strongly coupled to each other in the tropical Pacific. Another consequence of the high correlation is that similar significant relationships to the OLR-SST covariability are expected no matter which index is used. Thus the EC1-OLR is employed to represent the OLR-SST covariability in the following analysis and is referred to as the EC1 index. Time series analysis reveals that all the extreme values in the Niño 3.4 index (red, Fig. 1 , bottom) correspond well to the extremes in the EC1 time series (green, Fig. 1, bottom) . The correlation between them is 0.94, indicating that the leading covariability of OLR and SST anomalies in the tropical Pacific is captured well by the Niño 3.4 index.
b EP and CP Types of ENSO EP and CP ENSOs are identified using both partialregression-EOF and regression-EOF approaches as described above. Similar to Lopez and Kirtman (2013) , the DJF mean SST anomalies that are correlated to the EMI (Niño 3) index but not to the Niño 3 (EMI) index are removed before performing an EOF analysis (e.g., Zhang, Wallace, & Iwasaka, 1996) . The leading principal component of the residual SST anomalies in the tropical Pacific is then used as an EP (CP) ENSO index and is referred to as the TE1 (TC1) index in our study. The identified EP (CP) pattern explains 51.2% (41.1%) of the corresponding residual SST variance. Meanwhile, similar to Kao and Yu (2009) , the DJF mean SST anomalies regressed with the Niño 4 (Niño 1 + 2) SST index are removed before performing an EOF analysis to obtain another EP (CP) index, termed the TE2 (TC2) index. The identified EP (CP) pattern explains 33.3% (39.8%) of the corresponding residual SST variance in the tropical Pacific. In addition, it is worth noting that the identified TE1 and TC1 indices closely resemble the corresponding time series (r≈0.90) calculated using the Niño 4 (Niño 1 + 2) index to replace the EMI (Niño 3) index in the partialregression-EOF analysis. Figure 2 displays the OLR and SST anomalies associated with the CP and EP ENSOs. In general, good correspondence is seen from the above two approaches, especially for the CP type of ENSO. The centres of action of OLR and SST anomalies associated with the CP (EP) ENSO shift west (east) by about 20°-30°compared with their counterparts associated with Niño 3.4 and the leading MCA mode (cf. Fig. 2 with Fig. 1 ). For the CP type of (Table 1 and Fig. 3 , top). Thus, the results obtained from the two approaches agree quite well. The TC1 and TC2 indices 
Comparison (Fig. 2 , bottom two rows), the OLR anomalies are mostly confined to the equatorial central and eastern Pacific with the strongest anomalous convection located around 150°W. The SST anomalies tend to be characterized by anomalous warming extending from the South American coast into the central Pacific along the equator, mainly covering the Niño 1 + 2 and Niño 3 regions, also in agreement with previous studies (e.g., Kao & Yu, 2009; Lopez & Kirtman, 2013) . The results of the two approaches are qualitatively similar. However, the OLR and SST anomalies associated with TE1 are somewhat stronger than their TE2 counterparts. Additionally, the dominant OLR and SST anomalies associated with TE1 extend slightly more westward (about 10°) than the anomalies associated with TE2. The spatial correlation of OLR (SST) anomalies between the two approaches is 0.91 (0.94) over the domain analyzed, lower than that of the anomalies associated with the CP ENSO. The difference is also seen in the TE1 and TE2 time series, especially for the post-1999 period (Fig. 3, bottom) . Accordingly, the temporal correlation between the TE1 and TE2 indices is 0.86, also lower than that between the TC1 and TC2 indices. In addition, the correlations are 0.91 (0.74) between TE1 (TE2) and the Niño 1 + 2 index, 0.83 (0.58) between TE1 (TE2) and the Niño 3 index, and 0.61 (0.39) between TE1 (TE2) and the Niño 3.4 index (Table 1 and Fig. 3 , bottom).
c Relations of the Leading Covariability to Various ENSO Indices
The relationships between the EC1 index and the EP and CP ENSO indices, as well as various ENSO-related Niño SST indices, are further compared in Table 1 . The variance of the leading tropical Pacific OLR-SST covariability is indicated by EC1 and thus has relationships with both EP and CP ENSOs and with various Niño SST indices. The correlations between the EC1 and various CP ENSO indices, including the EMI, are comparable (r≈0.4-0.5, Table 1 ). The correlation of EC1 with the TE1 index is 0.76, but only 0.39 with the TE2 index, mainly because of the difference between the TE2 and TE1 time series after 1999. The correlation of EC1 with all Niño indices is high (greater than 0.79) because its dominant SST anomalies appear in the tropical central and eastern Pacific (Fig. 1 ). Yet, it is interesting that the highest correlation among these is the relationship between the EC1 and the Niño 3.4 indices. The leading tropical OLR-SST covariability is captured well by the Niño 3.4 SST index, confirming that the Niño 3.4 region has the strongest ocean-atmosphere coupling in the tropical Pacific (e.g., Barnston, Chelliah, & Goldenberg, 1997) . Figure 4 displays the 500 hPa geopotential height Φ 500 anomalies associated with the Niño 3.4, EC1, TC1, TC2, TE1, and TE2 indices over the Pacific-North American sector. The Φ 500 anomalies associated with Niño 3.4 and EC1 (Fig. 4 , top panels) closely resemble each other in terms of both spatial structure and amplitude. The circulation anomalies tend to be characterized by negative anomalies located south of the Aleutian Islands and from the Gulf of Mexico extending northeastward across the western North Atlantic, together with positive anomalies over much of central Canada and the northern United States. Also, an anomalous centre is apparent over Mexico. The anomalous circulation is also similar to the Φ 500 anomalies associated with the leading principal component of the tropical Pacific SST variability for DJFs from 1950 to 1999 (Hoerling & Kumar, 2002) , indicating the stationarity of the anomalous circulation attributed to ENSO forcing. The anomalous centres of action are significantly correlated with the two indices at the 5% level (green shading in Fig. 4) , determined from the correlation coefficients. The field significance of the anomalous circulation pattern is then assessed. Within the domain of interest (20°-80°N, 150°E-30°W), about 16 EOFs of Φ 500 anomalies are required to represent 95% of the total variance of the DJF mean geopotential height. According to Livezey and Chen (1983) , a rejection rate of about 21% is field significant at the 5% significance level in a field with 16 or more spatial degrees of freedom. Therefore, those locations with rejection rates of 21% or higher very likely indicate field significance at the 5% level (e.g., Wang & Swail, 2005; Yu & Zwiers, 2007; Zwiers, Wang, & Sheng, 2000) . Over this analysis domain, more than 35% of the grid points of Φ 500 anomalies are significantly correlated with the Niño 3.4 and EC1 indices ( Table 2 ), suggesting that the anomalous pattern is field significant at the 5% level. The Φ 500 anomalies associated with Niño 3.4 and EC1 somewhat resemble both the PNA (Wallace & Gutzler, 1981) and TNH (Mo & Livezey, 1986) patterns. The correlation between the Niño 3.4 index and the PNA (TNH) index is 0.59 (-0.55) from 1980 to 2011 (Table 1 ). The two correlation coefficients are comparable and both are significant at the 5% level, indicating the pronounced projections of ENSO-associated circulation anomalies on both the PNA and TNH patterns. It has been noted that the ENSO wavetrain is usually only associated with the PNA pattern (e.g., Hoerling & Kumar, 2002; Trenberth et al., 1998; Straus & Shukla, 2002; Yu & Zwiers, 2007) . In fact, the correlation between the DJF mean PNA and TNH indices is −0.46, significant at the 5% level, indicating a close relationship between the two teleconnection patterns. The circulation patterns associated with the CP and EP ENSOs resemble the ones associated with Niño 3.4 and EC1. However, the CP ENSO only exhibits significantly negative Φ 500 anomalies south of the Aleutian Islands and patches of significantly positive anomalies over western Canada (Fig. 4, middle panels) . The anomalous low is also displaced slightly equatorward for the CP ENSO compared with its Niño 3.4 counterpart, in agreement with Garfinkel, Hurwitz, Waugh, and Butler (2013) . In addition, the Φ 500 anomalies here are generally weaker than those associated with the Niño 3.4 and EC1 indices, especially over North America. Hence, the geopotential height anomalies associated with TC1 and TC2 are not field significant at the 5% level (Table 2) . Nevertheless, the CP ENSO indices are positively correlated with the PNA index, marginally significant at the 5% level and only weakly and negatively correlated with the TNH index (Table 1) . Accordingly, atmospheric responses related to the CP ENSO somewhat resemble the PNA pattern, generally consistent with Mo (2010) , which is based on the Niño 3 index. In contrast, the EP ENSO features significantly negative Φ 500 anomalies south of the Aleutian Islands and Mexico, as well as significantly positive anomalies over central and eastern Canada (Fig. 4, lower panels) . The anomalies shift slightly eastward and are somewhat weaker in comparison with their Niño 3.4 and EC1 counterparts. The geopotential height anomalies associated with both the TE1 and TE2 are field significant (Table 2 ) although the amplitude of the Φ 500 anomalies associated with TE2 is about one-third lower than that associated with TE1. The TE1 index correlates with both the TNH and PNA indices, significant at the 5% level. However, the TE2 index is only marginally correlated with the TNH index at the 5% level and weakly correlated with the PNA index ( Table 1) . The resemblance between the anomalous circulation associated with the EP ENSO and the TNH pattern is also consistent with Mo (2010) , based on the Niño 4 index.
Impacts of various ENSO indices on the North American climate a Atmospheric Circulation
Overall, the circulation associated with ENSO projects not only on the positive phase of the PNA pattern but also on the negative phase of the TNH pattern. Separating ENSO into EP and CP types, we found that the ENSO associated with the PNA pattern tends to come from both the EP and CP ENSOs, whereas the association with the negative phase of the TNH comes more from the EP ENSO.
b Surface Temperature and Precipitation over North America The surface temperature T s patterns associated with Niño 3.4 and EC1 over North America are also similar and tend to be characterized by a north-south dipole pattern, in which warm anomalies are apparent over Canada and the northern United States with cold anomalies over Mexico and the southwestern United States (Fig. 5, top panels) . These are the main features previously attributed to ENSO variability (e.g., Higgins, Leetmaa, & Kousky, 2002; Hurrell, 1996; Ropelewski & Halpert, 1986; Mo, 2010) . Our analysis further indicates that the anomalous patterns are field significant at the 5% level over North America (Table 2 ). The anomalous circulation, especially the distinct above-average geopotential heights over central Canada and the northern United States (Fig. 4, top panels) , may alter temperature advection, leading to the temperature anomalies.
The T s anomalies associated with CP ENSO (Fig. 5 , middle panels) are weaker than the Niño 3.4 and EC1 counterparts, consistent with the relatively weak circulation anomalies associated with the CP ENSOs, as discussed above. Consequently, the T s pattern related to CP ENSO is also not field significant over North America ( Table 2 ). The temperature anomalies primarily reveal a west-east contrast with warming over western North America and cooling over the eastern portions. In contrast, the T s pattern associated with EP ENSO (Fig. 5, lower panels) resembles the ones associated with Niño 3.4 and EC1. The anomalous T s exhibits warming anomalies mostly over central Canada and the northeastern United States and cooling anomalies over Mexico and the southwestern United States, a more southwest-to-northeast orientation. The anomalous circulation pattern, especially the above-average geopotential heights over central and eastern Canada and the below-average heights over Mexico (Fig. 4 , middle panels), support the anomalous temperature pattern. However, the T s anomalies associated with TE1 are stronger than their TE2 counterparts. The TE1-related pattern is field significant over North America, whereas the TE2-associated pattern is not (Table 2) . We note that Mo (2010) and both found that the two types of ENSO affect the US climate in winter differently. However, they are not in complete agreement on what the different impacts are. The analysis with various indices found that the effects of ENSO on winter temperatures in the United States are more of an east-west contrast pattern for the CP ENSO, as reported by Mo (2010) , but more of a southwest-northeast pattern for the EP ENSO, as demonstrated by .
The precipitation anomalies associated with Niño 3.4 and EC1 are dominated by strong positive anomalies over the southern United States, northern California, and Mexico, as well as weak negative anomalies over most of Canada (Fig. 6, top panels) . The anomalous pattern is found to be field significant at the 5% level over North America ( Table  2 ). The precipitation patterns associated with the CP and EP ENSO (Fig. 6 , middle and lower panels) are qualitatively similar to the ones associated with Niño 3.4 and EC1. However, the wet anomalies associated with the CP ENSO are weak, especially over the southern United States and northern California. Also, the anomalous precipitation pattern is not field significant over North America (Table 2) . In contrast, the EP ENSO has strong precipitation anomalies over the southeastern United States and the west coast of North America. The positive anomalies also extend farther to the north into central Canada in comparison with their Niño 3.4 and EC1 counterparts. The precipitation anomalies related to TE1 and TE2 are field significant at the 5% level over North America although the latter is slightly weaker than the former. The results obtained also confirm that, over the United States, the CP ENSO produces stronger dry anomalies but weaker wet anomalies than the EP ENSO, as reported recently by Yu and Zou (2013) . In summary, the atmospheric circulation, surface temperature, and precipitation anomalies associated with the Niño 3.4 and the leading tropical Pacific OLR-SST covariability indices are very similar and are field significant at the 5% level over the domains analyzed. For either the CP or EP type of ENSO, qualitatively similar anomalous patterns are apparent associated with the indices identified by the partialregression-EOF and regression-EOF methods, with differences appearing mainly in the amplitude of the anomalies. The anomalous climate patterns are generally field significant within the domains of interest for the EP type of ENSO but not field significant for the CP type of ENSO. In view of these similarities, we will focus on the comparison of anomalies associated with the Niño 3.4 index and the two types of ENSO identified from the partial-regression-EOF analysis in the following.
Dynamical maintenance of climate anomalies associated with ENSO a Atmospheric Circulation and Moisture Transport
The circulation anomalies associated with ENSO are dominated by an equivalent barotropic structure in the troposphere.
Similar geopotential anomalies are apparent at 250 and 500 hPa associated with various ENSO indices (c.f. shading in the left column of Fig. 7 with contours in Fig. 4) . The centres of action of the circulation anomalies associated with ENSO are located near the mid-latitude jet stream and storm tracks (e.g., Peixoto & Oort, 1992) , suggesting that their generation mechanisms may be associated with local processes such as instabilities of the jet or with transient eddies (e.g., Branstator, 1995; Trenberth & Hurrell, 1994; Yu & Lin, 2012) . It is well recognized that synoptic vorticity forcing (F v ) is crucial to reinforcing the anomalous circulation in the upper troposphere (e.g., Choi et al., 2010; Hurrell & van Loon, 1997; Lau, 1988; Rogers, 1990; Trenberth & Hurrell, 1994; Teng, Fyfe, & Monahan, 2007) . In addition, changes in the mean and eddy components of the flow affect the transport and convergence of atmospheric moisture and are, therefore, directly tied to changes in regional precipitation (e.g., Hurrell, 1995) . The transport of atmospheric moisture can often lead to the atmospheric river phenomenon over the North Pacific. The El Niño pattern may result in the southward shift of the atmospheric river landfalling along the west coast of North America, leading to the precipitation anomalies shown in Fig. 6 (e.g., Payne & Magnusdottir, 2014; Zhu & Newell, 1998) . Hence, the influence of synoptic eddies on the upper tropospheric circulation anomalies in association with the various ENSO indices and the corresponding vertically integrated moisture transport anomalies are examined. Figure 7 (left column) displays 250 hPa geopotential and synoptic eddy vorticity forcing anomalies regressed on the Niño 3.4, TC1, and TE1 indices. In association with the Niño 3.4 index (Fig. 7, top left) , the dominant cyclonic circulation forcings are seen south of the Aleutian Islands, Mexico, and from the Gulf of Mexico extending northeastward across the western North Atlantic, which coincide well with negative geopotential anomalies there. On the other hand, dominant anticyclonic forcings are apparent over much of central and eastern Canada and the northern United States, which coincide with positive geopotential anomalies. The coincidence of the cyclonic (anticyclonic) vorticity forcing with the negative (positive) geopotential anomaly suggests that synoptic eddies systematically reinforce and help to maintain the anomalous circulation in the upper troposphere. The collocation of vorticity forcing and geopotential anomalies is also clearly evident in the fields associated with TC1 and TE1. The differences in atmospheric circulation between various ENSO indices, including the circulation intensity and spatial structure discussed above for Fig. 4 , can also be attributed to the corresponding differences in the synoptic eddy vorticity forcing.
Thus, in the upper troposphere the synoptic vorticity fluxes act to reinforce and maintain the circulation anomalies associated with ENSO.
The vertically integrated moisture transport anomalies associated with Niño 3.4 exhibit marked transports over the Gulf of Mexico and the west coast of North America (Fig. 7, top right) . The convergence of anomalous moisture transports are apparent over the southeastern United States, northern California, and Mexico, indicating the excess of precipitation over evaporation there. Thus, the moisture transport anomalies support the precipitation anomalies over these areas (Fig. 6) . The vertically integrated moisture transport anomalies are also dominated by moisture transports located in the lower troposphere (not shown). The vertically integrated moisture transport patterns associated with TC1 and TE1 resemble their Niño 3.4 counterparts (Fig. 7, right column) . However, the anomalous transport over the Gulf of Mexico associated with the CP ENSO shifts southeast, and the anomalous transport over the west coast of North America shifts slightly west. Accordingly, the precipitation anomalies over the southeastern United States and northern California are weaker here than (Fig. 6) . On the other hand, the anomalous moisture transports associated with the EP ENSO are still evident over the Gulf of Mexico and the west coast of North America. The latter also shifts slightly east into northern California in comparison with its Niño 3.4 counterpart. Consequently, pronounced precipitation anomalies are seen over the southeastern United States and northern California (Fig. 6) .
b Surface Energy Budget The surface energy budget anomalies of Eq. (2) associated with ENSO are displayed in Figs 8 and 9 . Recall the sign convention that all fluxes are positive downward so that the sign of the anomalies in Figs 8 and 9 indicates whether it acts to warm or cool the North American land surface. Table 3 gives the spatial standard deviations <X +2 > 1/2 of surface temperature and various terms in the energy budget (X = <X> + X + , with the angular braces indicating the spatial average over the land regions of Figs 8 and 9), together with the spatial correlations between anomalies in temperature and energy budget components. In addition, following Zhang et al. (2011) , the surface radiation heating R h is defined as the sum of net surface shortwave radiation and downward longwave radiation (Rs + Rl d ), which provides an insightful indicator of how water vapour and cloud feedbacks determine the North American surface temperature anomalies during ENSO.
The energy budget associated with the Niño 3.4 index is dominated by surface radiative heating and upward surface longwave radiation anomalies (Fig. 8, left column) . The R h (Rl u ) anomalies are closely positively (negatively) correlated with temperature T s anomalies (Table 3 ), indicating that surface radiative heating acts to support and maintain the temperature anomalies associated with ENSO, and the upward surface longwave radiation damps the temperature anomalies. The anomalous surface net radiation R, which is the sum of R h and Rl u , is a small residual resulting from cancellation of these two terms (Fig. 8, left column) . This is also apparent in the comparison of spatial standard deviations, 0.58 W m −2 for R versus 1.79 (1.52) W m −2 for R h (Rl u ) (Table 3 ). Spatial anomalies of R are positively but only weakly correlated with temperature anomalies compared with the high correlation between R h (Rl u ) and T s anomalies. Furthermore, the anomalies in both surface net shortwave (Fig. 9, left column) contribute to the anomalous radiative heating. The anomalous warming over Canada and the northern United States is mainly attributed to increased Rl d and reduced Rs reflection, whereas the cooling over Mexico and the southwestern United States is mainly caused by the enhancement of Rs reflection. The spatial correlation between Rs and T s anomalies (0.70) is comparable to that between the Rl d and T s anomalies (0.76). Also, the two spatial standard deviations (1.20 W m −2 and 1.14 W m −2 ) are analogous (Table 3 ). In addition, the anomalous patterns of these surface radiative components are field significant at the 5% level over the North American land mass (Table 2) . Thus, over North America there is more (less) downwelling longwave radiation at the surface when the atmosphere is warm (cold), as a consequence of the warm (cold) atmospheric anomaly imposed by anomalous advection as discussed above. This is offset mainly by the corresponding increase (decrease) in OLR at the warm (cold) surface, which follows the Planck feedback (e.g., Peixoto & Oort, 1992) .
The turbulent heat transfer anomalies at the surface associated with Niño 3.4 are also weakly positively correlated with the temperature anomalies (Table 3) . Latent heat flux anomalies are positively and somewhat more strongly correlated with surface temperature, whereas the sensible heat flux anomalies are weakly negatively correlated. In general, surface temperature anomalies alone would be expected to result in a negative correlation between temperature and turbulent heat flux anomalies. This is not the case for latent heat flux, as in Boer (1993) , implying that anomalies in nearsurface gradients of moisture and temperature and the effective ventilation through anomalies in stability-dependent drag coefficients and winds are also important (Yu & Boer, 2002) . Additionally, the turbulent heat flux anomalies generally compensate for the surface net radiative flux anomalies (Fig. 8, left column) , as expected, with patchy exceptions along coastal regions. The key features of the energy budget associated with Niño 3.4 also agree well with observational findings previously attributed to ENSO variability based on data from the International Satellite Cloud Climatology Project (ISCCP) (Zhang et al., 2011 ).
The energy budget anomalies associated with the CP ENSO are also dominated by surface radiative heating and upward surface longwave radiation (Fig. 8, middle  column) . However, the anomalies are generally weaker than their Niño 3.4 counterparts, apparent in the spatial distribution and spatial standard deviations of the two terms (Table 3) . This is consistent with the relatively weak temperature anomalies shown in Fig. 5 . In addition, both Rs and Rl d contribute to the anomalous warming or cooling (Fig. 9 , middle column) in the face of Rl u damping, with anomalous temperature being slightly more highly correlated with Rl d than with Rs (0.53 versus 0.34, Table 3 ). The anomalous turbulent heat flux is also positively but only weakly correlated with surface temperature but with a slightly higher correlation between temperature and sensible heat flux than that between temperature and latent heat flux. Overall, the anomalous patterns of these energy budget components related to the CP ENSO are not field significant at the 5% level over North America (Table 2 ). In contrast, the energy budget anomalies associated with the EP ENSO (Figs 8 and 9, right columns) closely resemble their Niño 3.4 counterparts, with differences mainly in the anomalous amplitude. Additionally, Rl d dominates Rs in the anomalous surface radiative heating for the EP ENSO (Fig. 9 , right column and Table 3 ). Accordingly, the anomalous surface net shortwave radiation is not field significant over North America (Table 2) .
6 Impacts of various ENSO indices on North American climate extremes Figure 10 displays the anomalies of percentages of warm days (TX90p) and warm nights (TN90p) associated with the Niño 3.4, TC1, and TE1 indices. Figure 11 shows the corresponding anomalies for cool days (TX10p) and cool nights (TN10p), and Fig. 12 shows the maximum 5-day precipitation (Rx5day).
The TX90p associated with Niño 3.4 tends to be characterized by a north-south dipole pattern, with increased warm days over Canada and the northern United States and reduced ones over the southern United States and Mexico (Fig. 10, top left) . The anomalous pattern somewhat resembles the anomalous mean surface temperature pattern (Fig. 5 , top left) and is field significant at the 5% level over North America ( Table 2 ). The anomalous TX90p pattern is also similar to others previously attributed to ENSO variability over the United States (e.g., Higgins et al., 2002) . The TX90p anomalies associated with the CP ENSO (Fig. 10 , middle left) reveal a somewhat southeast-to-northwest orientation pattern, with increased warm days apparent over western Canada and the northwestern United States and reduced ones over the southeastern United States, Mexico, and central and eastern Canada. The pattern is field significant over North America (Table 2 ). In contrast, the TX90p anomaly patterns associated with EP ENSO (Fig. 10, bottom left) are similar to their Niño 3.4 counterparts but with slightly weaker amplitudes, especially over western Canada and for their TE2 counterparts (not shown). Neither the pattern associated with TE1 nor TE2 is field significant ( Table 2) . The TN90p warm night anomalies associated with the Niño 3.4 and the CP and EP ENSO indices (Fig. 10, right column) somewhat resemble the corresponding TX90p anomalies. However, the TN90p anomalies associated with Niño 3.4 are stronger over central and western Canada than the corresponding TX90p anomalies (cf. Fig. 10 , top right with top left). This feature is also apparent in the fields associated with the EP ENSO, in particular over central Canada (cf. Fig. 9 , bottom right with bottom left). In addition, the TN90p anomalies associated with Niño 3.4 and TE1 are field significant over North America, but the anomalies associated with TC1 are not field significant ( Table 2) .
The TX10p anomalies associated with Niño 3.4 tend to be characterized by reduced cool days over Canada and the United States, accompanied by increased cool days over Mexico (Fig. 11, top left) . The anomalous pattern is field significant at the 5% level over North America (Table 2) and is also similar to the cold day anomalies attributed to ENSO variability over the United States (Higgins et al., 2002) . The TX10p anomalies associated with TE1 (Fig. 11, bottom left) are similar to the ones associated with Niño 3.4, with modest differences in the anomalous amplitude detail. The TX10p anomalies associated with TE2 also feature this anomalous pattern but with weak amplitude anomalies (not shown). Thus, the pattern associated with TE1 is field significant over North America but the pattern associated with TE2 is not (Table 2 ). In contrast, the TX10p anomalies associated with the CP ENSO are weak and dominated by slightly increased cool days over North America, with the exception of northern California (Fig. 11 , middle left) with less than 10% of the area being significantly correlated with the CP ENSO index at the 5% level (Table 2 ). The TN10p cool night anomalies also resemble the corresponding TX10p anomalies. The main differences appear in the anomalous amplitude detail, except for Mexico, for which the anomalies tend to be out of phase between the corresponding TN10p and TX10p anomalies.
The maximum five-day precipitation amount (Rx5day) anomalies associated with the Niño 3.4 and the CP and EP ENSO indices (Fig. 12) are generally similar to the corresponding DJF mean precipitation anomalies described above (Fig. 6 ) in terms of the spatial pattern and field significant features ( Table 2 ). The differences between the corresponding Rx5day and precipitation anomalies are mainly seen over northern California. The anomalous Rx5day associated with the Niño 3.4 index is also similar to winter maximum daily precipitation anomalies attributed to ENSO variability (Zhang, Wang, Zwiers, & Groisman, 2010) .
Summary and discussion
This study compares the winter North American climate impacts associated with various ENSO indices using observations and NCEP reanalysis data for the 1980-2011 period. Several indices relevant to ENSO were considered, including the traditionally used Niño 3.4 SST index, the leading tropical Pacific OLR-SST covariability, and the EP and CP types of ENSO identified using both partial-regression-EOF and regression-EOF approaches. The DJF mean anomalies in association with various ENSO indices, including the atmospheric circulation over the Pacific-North American sector, North American surface temperature and precipitation, and North American temperature and precipitation extremes, were examined and compared. The influences of synoptic eddies on upper tropospheric circulation, moisture transports on precipitation, and surface energy balance components on surface temperature were diagnosed to aid in understanding various climate anomalies associated with ENSO.
The OLR and SST are strongly coupled to each other in the tropical Pacific in winter. The tropical OLR-SST covariability, characterized by a maximum covariance analysis, is dominated by the leading MCA mode. The Niño 3.4 SST index captures the leading tropical Pacific OLR-SST covariability well. In association with the Niño 3.4 index and the expansion coefficient of OLR anomalies for the leading MCA mode (EC1), the anomalous circulation projects on both the PNA and TNH patterns. For the warm ENSO phase, supported by the anomalous circulation, the surface temperature features warm anomalies over Canada and the northern United States and cold anomalies over Mexico. The anomalous patterns of warm days and nights resemble the anomalous mean surface temperature pattern, with differences occurring mainly in the magnitudes of the anomalies. The corresponding cool day anomalies exhibit reduced values over Canada and the United States and increased ones over Mexico, as do the cool night anomalies, with the exception of weak anomalies over Mexico. The precipitation anomalies tend to be characterized by strong positive anomalies over the southern United States, northern California, and Mexico, as well as weak negative anomalies over most of Canada. The maximum five-day precipitation amount anomalies are generally similar to the mean precipitation anomalies in terms of the spatial pattern and field significant features, with the exception being northern California. All these anomalous patterns are field significant at the 5% level over the domains of interest. Note that these positive and negative anomalies are associated with the warm ENSO (El Niño) phase, and their opposites are associated with the cold ENSO (La Niña) phase.
The similarity of the variance and its impact on North American climate between Niño 3.4 and EC1 indices indicates that the Niño 3.4 region is optimal for monitoring the tropical Pacific OLR-SST covariability and for the tropical SST impact on North America. A similar result was also recently obtained by M. L'Heureux (personal communication, 2014) suggesting that the Niño 3.4 SST alone remains a good index for monitoring ENSO variability and its impact on North America, while the addition of OLR does not add much value to the Niño 3.4 index in this regard.
The association of ENSO with the PNA pattern tends to come from both the EP and CP ENSOs, whereas the association with the TNH comes more from the EP ENSO. The geopotential anomalies associated with the CP ENSO are generally weaker than their Niño 3.4 counterparts, especially over North America. Consequently the corresponding surface temperature and precipitation anomalies are weak and not field significant over North America, as are the corresponding anomalies of temperature and precipitation extremes, except anomalous warm days. In contrast, the circulation anomalies associated with the EP ENSO are slightly weaker and shift somewhat east compared with their Niño 3.4 counterparts. The corresponding temperature reveals cooling anomalies over Mexico and the southwestern United States and warming anomalies over central Canada and the northeastern United States. The precipitation features strong positive anomalies over the southeastern United States and northern California. In addition, the anomalies of temperature and precipitation extremes associated with the EP ENSO are similar to their Niño 3.4 counterparts, with differences occurring mainly in the magnitude of the anomalies. From the analyses using various indices, it is also found that the impact of ENSO on the winter temperature in the United States is more of an east-west contrast pattern for the CP ENSO as reported by Mo (2010) and more of a southwest-northeast pattern for the EP ENSO as demonstrated by .
For either the CP or EP type of ENSO, qualitatively similar results are apparent associated with the two indices identified by the partial-regression-EOF and regression-EOF approaches. The anomalous climate patterns are not field significant for the CP ENSO. However, the amplitudes of the climate anomalies associated with the EP ENSO are generally lower in association with the index identified by the regression-EOF approach than that with the index identified by the partial-regression-EOF approach. Consequently, the anomalous EP ENSO patterns associated with the index identified by the partial-regression-EOF approach are field significant over the domains analyzed but those associated with the index identified by the regression-EOF approach are not field significant. These differences are attributed to differences in SST data processing used to define the EP ENSO. The partial-regression-EOF approach tends to separate the SST anomalies related to the two types of ENSO in the same region; hence, it is inclined to provide better indices for analyzing the impacts of the two types of ENSO, especially the EP ENSO, on North American climate than the regression-EOF approach.
It is worth noting that the Niño 3.4 SST variability is closely related to the OLR variability over the equatorial central Pacific, whereas the EP ENSO is dominated by OLR anomalies over the equatorial eastern Pacific. In Chiodi and Harrison (2013) , the OLR-El Niño events were identified as those with peak anomalies in both the Niño 3.4 index and the OLR anomalies over the region bounded by 5°S-5°N and 160°-110°W, which are closely collocated with the centre of action of OLR anomalies associated with the EP ENSO. In fact, choosing ENSO events with both Niño 3.4 and TE1 indices greater than the corresponding standard deviation leads to the same large events identified by Chiodi and Harrison (2013) . Significant ENSO impacts would be expected during these events, given the similarities of North American responses associated with the Niño 3.4 and TE1 indices discussed above. Thus, the results reported here do not conflict with the finding of Harrison (2010, 2013) , although the regression maps presented in this analysis reflect the effect not only of the strongest ENSO events but also of weak events.
The circulation anomalies associated with ENSO are dominated by an equivalent barotropic structure in the troposphere. In the upper troposphere, synoptic vorticity fluxes act to reinforce and maintain the anomalous circulation. The precipitation anomalies over North America are supported by vertically integrated moisture transports, in particular the anomalous transport in the lower troposphere. The differences in atmospheric circulation and precipitation among various ENSO indices, including the intensity and spatial structure of the fields, can be attributed to the corresponding differences in the synoptic eddy vorticity forcing and the vertically integrated moisture transport. The surface energy budget associated with ENSO is dominated by the surface radiative heating anomalies in the face of upward surface longwave radiative damping. The anomalous surface net radiation is a small residual resulting from the cancellation of these two opposing terms and is generally compensated for by surface heat flux anomalies. The energy budget anomalies associated with the EP ENSO closely resemble the ones associated with Niño 3.4, while the anomalies associated with the CP ENSO are generally weaker than their Niño 3.4 counterparts. In addition, the warming over Canada and the northern United States associated with Niño 3.4 is mainly attributed to increased downward longwave radiative flux and reduced reflection of surface net shortwave radiation, while the cooling over Mexico and the southwestern United States is mainly caused by enhancement of the reflected surface net shortwave radiation. In contrast, both anomalous net shortwave radiative and downward longwave radiative fluxes contribute significantly to the warming or cooling associated with the CP ENSO, while downward longwave radiation dominates net shortwave radiation in the anomalous surface radiative heating for the EP ENSO.
